ABSTRACT
Being normally a frequent commensal organism of the oro-gastrointestinal tract as well as the vulvovaginal cavity in immunocompetent individuals, Candida albicans also represents a major cause of opportunistic infections in locally or systemically immunocompromised hosts. Subsequent symptoms vary and range from superficial thrush to life-threatening systemic infections. The complement system is one of the first defenders of the body against this danger and initiates a fast and efficient antifungal reaction. However, Candida is not an easy prey and counteracts with different complement evasion strategies to undermine this innate immune system. In the present article we summarize the different rounds in the fight between C. albicans and the complement system, and give a short outlook on putative complement-based therapeutic approaches.
INTRODUCTION
Despite all medical progress fungal infections are still a burning problem; and medical progress such as organ transplantation, leukemia treatment and improved antiretroviral therapy against human immunodeficiency virus (HIV) even contributes to the growing number of immunocompromised patients susceptible for fungal pathogens (1) . Candida albicans, the most frequently isolated yeast, is a ubiquitous saprophyte of mucous membranes of gastrointestinal tract and of vulvovaginal and oral cavities. In immunosuppressed patients endogenous infections emanating from these colonization sites can occur with cutaneous infections, oroesophageal candidiasis, Candida vaginitis and septicemia (1, 2, 3) .
The dissemination of Candida leads to a broad spectrum of interactions between the yeast and the immune system of the host (4, 5) . Although the immunological situation varies significantly between different organs, complement is a universal antimicrobial defense system which fights everywhere in the body. After activation the powerful complement weapon exerts a variety of antimicrobial effects and thus represents a central host factor to limit fungal proliferation and pathogenesis. To counteract this limitation and to avoid complement-induced elimination Candida like many other pathogens has developed evasion strategies (6) . The present article summarizes the multifaceted spectrum of interactions between complement and Candida.
THE COMPLEMENT SYSTEM
Complement represents a cascade of sequential activation and polymerization steps, mainly built up by nine soluble protein factors. Essential cofactors as well as an army of soluble and membrane-bound regulator proteins expand the number of participating players. Furthermore various receptors complete the arsenal of complement proteins to a final number of approximately 30 molecules (7).
Triggering signals by and functions against Candida infection
The pathogenesis of an infection by Candida either disseminated or locally in the tissue, provides three conditions which lead to an activation of the complement cascade (6):
• appearance of foreign surface patterns, e.g. carbohydrates (PAMP = pathogenassociated molecular pattern) • antigen/antibody complexes after seroconversion • presence of cell debris due to the inflammation process
These three infection-induced disturbances in the homeostasis of the body alert the sensor molecules of the complement system which are equipped with interaction domains for PAMPs, immune complexes and/or cell debris.
In general, the output of the Candida-induced complement activation can comprise a variety of antimicrobial reactions (6): 
Activation steps and terminal part of the complement cascade
Three different pathways of activation are distinguished, initiated by either target-bound antibodies (the classical pathway), by microbial repetitive polysaccharide structures (the lectin pathway), or by recognition of other "foreign" surface structures (the alternative pathway) ( Figure  1 ). The alternative pathway also amplifies the activation triggered by the other two ways. All three merge in the pivotal cleavage of complement factors C3 and subsequently C5 by highly specific proteolytic enzyme complexes, so-called convertases. In the common terminal pathway downstream of C5 further complement components are activated in a nonproteolytic manner and assembled into the membrane attack complex (MAC, TCC) (8).
In the classical pathway complement factor C1q interacts with the constant portion (Fc) of the immunoglobulins IgG or IgM if and only if they are bound within antigen-antibody complexes. Furthermore some few examples show the possibility of antibody-independent linkage of C1q to pathogen proteins and subsequent initiation of the classical pathway. Both steps activate the C1q-associated proteases C1r and C1s which cleave the complement factors C2 and C4 and thus enable the accumulation of the so-called C3-convertase C4bC2a from the larger fragments of both proteins. Mannan-binding lectin (MBL) or the structurally related ficolins are the starter molecules of the lectin pathway when they interact with a range of carbohydrate structures on the surface of the pathogen. The activation and action of MBL-associated proteases (MASPs) results in the formation of the same convertase C4bC2a (Figure 1 ). In the alternative pathway the recognition of foreign surface structures induces an amplification loop of spontaneously formed C3(H 2 O) or of C3b generated either by inflammatory proteases or by activation via the other two pathways. The final product of the alternative pathway is the C3-convertase C3bBb, formed by proteolytic cleavage of factor B after association with C3b (8).
Both C3-convertases C4bC2a and C3bBb are enzyme complexes which catalyze the cleavage of complement factor C3 that represents the central multifunctional element of the complement cascade. The resulting small peptide C3a is a versatile anaphylatoxin. As a potent proinflammatory mediator it recruits receptorbearing cells and triggers their chemotactic migration. Another central inflammatory potency of C3a lies in its capacity to stimulate the release of cytokines and histamine. It is spasmogenic, stimulates the release of prostaglandin E2 (PGE2) from macrophages, and induces degranulation of mast cells (9) .
The larger fragment of C3 which is generated by the proteolysis, C3b, changes its conformation and binds to nearby nucleophilic sites, e.g. OH-groups of any surrounding molecule. The complex of the respective C3 convertase and the additional C3b molecule forms the C5 convertase and mediates the scission of C5, a step which represents a prerequisite for the following activation of the terminal pathway. The smaller fragment C5a is an anaphylatoxin with biological activity similar to C3a but higher potency (10). The larger s product C5b starts the final aggregation and polymerization steps of the complement cascade: the terminal complement components C6, C7, C8 and C9 are sequentially, but non-enzymatically, activated and form the terminal complement complex (TCC). On a cellular target membrane the TCC can be generated as membrane attack complex (MAC) which efficiently lyses cells by insertion of C9 cylinders into the lipid layer. Alternatively, TCC forms in extracellular fluids as non-lytic SC5b-9 (11) (Figure 1 ).
Regulatory intervention in the complement cascade
The multiple biological functions of activated complement demand a strict control to avoid an excessive inflammatory reaction and to prevent tissue damage. For these purposes a variety of membrane bound and soluble regulator proteins act at different steps of the cascade.
The classical and the lectin pathway are controlled by C1-INH which inactivates the associated proteases and therefore inhibits the generation of the C3-convertase C4bC2a (12) . A further control of these two ways is assured by the regulatory C4 binding protein (C4bp). It acts as a cofactor of the serum protease factor I (fI) that cleaves and thus inactivates both C4b and C3b; in addition C4bp accelerates the decay of C4bC2a. The alternative pathway with the self-amplification of C3b is controlled by factor I together with factor H (fH), factor H-like protein 1 (FHL-1), complement receptor 1 (CR1, CD35) and membrane cofactor protein (MCP, CD46) as essential cofactors (8) .
All convertases for cleavage of C3 and C5 are destabilized by fH, CR1 and decay accelerating factor (DAF, CD55) with the consequence of a rapid disassembly of the complex. Furthermore, factor I and its cofactors fH, FHL-1, CR1 and MCP prevent the generation of the C5 convertases by degrading C3b. The anaphylatoxins C3a and C5a are also subject of control mechanisms; the carboxypeptidase N is able to remove the carboxyterminal arginine from both peptides and thus inactivate them (8) .
The terminal steps of the complement cascade are monitored by S-protein and clusterin that can bind to nascent C5b-7 and prevent its membrane insertion. The final step of MAC assembly is controlled by protectin (CD59) which interferes with the polymerization of C9 on the membrane (8).
Complement receptors (CR)
Specific cellular receptors "translate" the presence of activated complement proteins and of fragments derived thereof into biological functions such as changes in cell functions, support of adaptive immunity and the enhancement of innate immune responses to eliminate foreign or damaged material (microbes, apoptotic cells, immune complexes). The complement receptors CR1, CR2, CR3 and CR4 as well as CRIg (complement receptor of the immunoglobulin superfamily) all recognize C3 fragments that are covalently bound to foreign/abnormal surface structures. Consequences of the ligand-receptor interaction are uptake of such opsonized particles and the subsequent activation of appropriate intracellular signalling pathways.
The receptor CR1 (CD35) is a bifunctional molecule with receptor sites for C3b and C4b as well as regulator activity for the complement cascade. A broad spectrum of peripheral blood cells expresses CR1 on the surface, predominantly erythrocytes, where CR1 mediates the transport of C3b/C4b-coated antigen/antibody complexes to liver and spleen for subsequent removal by phagocytic cells. With its presence on phagocytes CR1 arranges the ingestion of opsonized pathogens or cell debris. CR1 on B-cells plays a role in B-cell proliferation and differentiation (13) .
The complement receptor CR2 is detected predominantly on B-cells and follicular dendritic cells (FDC) where it interacts with C3d, C3dg, and iC3b as putative ligands. The binding of CR2 on B-cells to C3d-opsonized antigens significantly supports B-cell activation with subsequent antibody maturation and induction of Bcell memory, thus bridging the innate with the adaptive immunity (14, 15) . CR3 (CD11b/CD18, alpha-M-beta-2, Mac-1) is a member of the beta-2 integrin family and is composed of the alpha-chain CD11b and the beta-chain CD18 (16) . The receptor is found on mononuclear phagocytes, neutrophils, mast cells and NK-cells, FDC and T-cell subsets. Besides the binding to the fragment iC3b, CR3 can interact with numerous ligands, including ICAM-1 and -2 (intercellular adhesion molecule), proteins of the clotting system, and several molecules of microbial origin. It is the main receptor for phagocytosis of iC3b-opsonized pathogens, but also contributes considerably to leukocyte adherence and migration. CR4 (CD11c/CD18) belongs to the same beta-2 integrin subfamily as CR3 and harbors similar cell distribution, ligand specificities and functions (8) .
A similar role in clearance of opsonized pathogens can be attributed to the recently discovered receptor CRIg (VSIG4: V-set and Ig domain-containing 4). Expressed on tissue macrophages it recognizes C3b, C3c and iC3b (17) . As a potent negative regulator of T-cell response CRIg bridges innate with adaptive immunity. Since ligand binding triggers the internalization of CRIg an activation of the complement might remove the macrophage-induced T-cell inhibition and thus promote inflammation (18) . Similar to CR1, CRIg combines the receptor function with a function as a complement regulator. As a potent and specific inhibitor of the alternative pathway CRIg interferes with the binding of C5 to the C3-convertase (19, 20) .
The biological functions of the anaphylatoxins C3a and C5a are mediated by binding to the surface receptors C3aR, C5aR (CD88) and C5L2. C3aR and C5aR are found on cells of myeloid origin as well as on epithelial, endothelial and parenchymal cells, B-and T-lymphocytes. C5L2 is expressed on immature DCs, neutrophils and adipocytes. After binding of C5a its receptor C5aR induces the corresponding proinflammatory activities such as chemotactic migration, secretion of cytokines, enhancement of cell adhesion and stimulation of oxidative burst (21) . In contrast, the second C5a receptor, C5L2, couples only weakly to the signalling Gproteins and might thus serve as a non-signalling decoy receptor in order to limit the C5a-induced inflammation (22) . The receptor C3aR binds to the less potent anaphylatoxin C3a and mediates its pro-inflammatory actions which overlap with those of C5a.
A variety of receptors are described for complement factor C1q, such as C1qRp, gC1qR, cC1qR and the newly identified alpha-2-beta-1 integrin. The binding of the ligand to its receptor(s) can enhance phagocytosis or oxidative burst metabolism (23).
THE FIGHT "HOST AGAINST FUNGUS", ROUND 1: COMPLEMENT AGAINST CANDIDA

The significance of complement in candidiasis
Complement activation and the associated antimicrobial effects are central components in the immune fight against Candida albicans infections. This role is reflected by the fact that the host reacts with a fast and efficient upregulation of complement levels to the contact with the yeast, either by stimulation of synthesis or by increased secretion. Cervicovaginal concentrations of MBL are significantly higher in patients with vulvovaginal candidiasis than in non-infected individuals (24) . Stimulation of polymorphonuclear leukocytes (PMNs) with opsonized C. albicans induces a sustained release of C6 and C7 into the cell culture supernatant within a few minutes after addition of the trigger (25) (Figure 2 ). Additional evidence for the role of complement in antifungal host resistance arises from the correlation between complement levels and susceptibility to Candida infections. A genetic polymorphism in the MBL gene which results in reduced assembly and stability of the protein and consequently in lower MBL levels in the vagina predisposes to recurrent vulvovaginal candidiasis (26, 27) .
The role of complement in candidiasis has also been demonstrated in vivo by animal models. Complement depletion with cobra venom factor (CVF) results in a higher mortality rate in guinea pigs with Candida infection compared to control animals (28) . In contrast to complement-competent mice, C5-deficient animals or those treated with CVF fail to develop significant neutrophilic inflammatory response after intradermal infection with C. albicans and readily permit fungal proliferation into the subcutaneous fat tissue (29) .
Further emphasis of the significance of complement for the antifungal defense comes from patients with deficiencies in the control proteins factor I and/or factor H that are associated with increased consumption of C3. When C. albicans yeast cells are incubated with serum taken from such an individual opsonization and killing by peripheral leukocytes are reduced (30).
The different activation pathways of the complement cascade in candidiasis
Candida albicans is a strong activator of all three pathways of the complement system as shown by numerous studies in vitro as well as in vivo (31) . Animal models show complement deposition in the lesions of mucocutaneous candidiasis and in Candida mastitis (32, 33, 34) .
The classical pathway is triggered by the presence of mannan-specific antibodies (35, 36) . Mannan, a major cell wall component of all Candida species, consists of O-linked oligomannosides and N-linked mannose polysaccharides and represents the major antigenic determinant of the fungal surface. Naturally occurring antibodies reactive with Candida mannan epitopes are present in the serum of most normal individuals, but differ between individuals regarding titers, binding specificities and protective capacity. There is a clearcut correlation between the protective potential of the antibodies and their capacity to bind C3b to the yeast cell: protective antibodies induce the deposition of C3b more efficiently to the fungal surface than non-protective antibodies (37, 38, 39) . The antimannan immunoglobulin-induced accumulation of C3b via the classical pathway is an extremely rapid process occurring within 1 min after contact with the yeast cell. Serum derived from individuals with high titers of naturally occurring antimannan antibodies leads to a faster deposition of C3b on the fungal wall than serum from persons with low titers (40) . The C3b molecules bound via classical pathway are uniformly distributed over the entire yeast cell surface (35) (Figure 2, 3) .
The pattern recognition molecule MBL of the lectin pathway binds strongly to mannoproteins on the Candida surface, both of the yeast and of the pseudohyphal phenotype.
Many of the mannose residues found in Candida mannan present hydroxyl groups in the 3-OH and 4-OH position that is needed for MBL recognition (41) . The MBL-mediated activation of the lectin pathway results in deposition of C3 fragments on the fungal surface (42) (Figure 2, 3) .
The deposition of C3 via the alternative complement pathway exhibits characteristics which differ from that of the classical pathway (31, 36) . Binding of the initial C3b molecules by alternative pathway requires with 12 min a much longer incubation time than by the classical pathway. Furthermore, C3 molecules deposited by the alternative pathway are not distributed homogenously but are found at a few discrete sites of the yeast cell surface (35, 36) (Figure 2, 3 ).
It is difficult to determine which pathway is the predominant one in antifungal defense, and this decision might depend considerably on the body compartments. In vulvovaginal candidiasis the alternative pathway is supposed to dominate the complement activation, since C1q was undetectable on the Candida hyphae (43) . Furthermore MBL from the lectin pathway seems to be unable to bind Candida in the low pH condition of the vagina (43) . In blood the classical pathway might play a central role, since the rate of initial C3 binding to yeast cells correlated well with the titer of antimannan antibodies circulating in the sera of different individuals (44) . However, in the guinea pig model of disseminated candidiasis no difference in mortality was found between C4-deficient and control animals (28), indicating a minor role of the classical pathway at least in this model. Many studies underline the central significance of the alternative pathway in the fight against Candida. Strong complement activation by C. albicans occurred in C2-deficient as well as in C4-deficient human serum and thus in the absence of classical and lectin pathway (45).
Antimicrobial effects of complement in C. albicans infections
The antifungal potency of activated complement is based on a broad spectrum of efficient mechanisms. Direct lysis of the yeast cell via integration of the membrane attack complex is rather unlikely due to the thickness and complexity of the cell wall (45) . However, the triggering of all three pathways results in the deposition of complement fragments on the yeast surface and in the release of activation products with biological functionality.
The surface deposition of complement promotes phagocytosis and phagocytic killing of C.albicans yeast cells by macrophages and neutrophils (46, 40, 47) . The phagocytosis by polymorphonuclear leukocytes (PMNs) as well as the intracellular killing were largely reduced in serum wherein complement was inactivated by heat (48) . Serum samples from a patient with factor I deficiency and thus largely consumed C3 allowed only decreased opsonization and killing of the yeast by peripheral leukocytes (30) .
The adherence of effector cells to the yeast is the first step for these processes of phagocytosis and killing (49) . Complement receptors, particularly CR3 (CD11b/CD18), are of central significance for this cell-mediated antifungal defense. Patients with defects in or a lack of CD18-integrins are highly susceptible for candidal skin infections and esophagitis (50) . The yeast is recognized by complement receptor CR3 either in its non-opsonized form via beta-glucan and mannan polysaccharides or after opsonization via bound C3b/iC3b. The interaction sites of CR3 with the yeast are mapped to the I domain and the lectin-like domain of CD11b; CD18 modulates this process (51, 52) . Phagocytosis of C. albicans by PMNs and subsequent oxidative burst can be inhibited by blockade of CR3 via monoclonal antibodies (53) . CR3 is also the principal adhesion receptor for C. albicans on neutrophils, macrophages and lymphocytes (52) . The interaction between CR3 on lymphocytes and the yeast is the prerequisite for the resultant antifungal effects such as inhibition of Candida hyphal growth and induction of cytokines that modulate the antifungal activity of other immune cells (54) . These immune reactions via contact of lymphocytic CR3 to Candida are probably the principal defense mechanisms on mucosal and epidermal surfaces.
CR3 on dendritic cells (DC) mediates the entry of opsonized and non-opsonized C. albicans yeasts and hyphae, thus modulating both Th1 and Th2 responses (55) . Interestingly this interaction of DC with the fungus leads to suppression of the antifungal immune response (49) .
Besides the role of CR3, the presence of terminal complement components and thus the formation of the membrane attack complex augment phagocytosis by an as yet unknown mechanism (56).
The pattern recognition molecule MBL of the lectin pathway does not only trigger complement activation, but also harbors some additional functions. MBL was found to inhibit the growth of C. albicans independently of complement activation, although inhibition was more pronounced in the presence of activated complement (42) . Furthermore, MBL enhances the release of the cytokine tumor necrosis factoralpha (TNF-alpha) from monocytes after exposure to Candida albicans, thus promoting the antifungal inflammatory response (57) . Also the anaphylatoxin C3a, a cleavage product of factor C3 possesses strong antimicrobial effects against Candida. C3a and C3-derived peptides comprising different helical regions of the C3a molecule bind to the cell surface of Candida and induce membrane perturbations and fungal killing by an as yet unknown mechanism (58). The antifungal effects of the complement system are summarized in Figure 2 .
Not only the direct antimicrobial functions described as yet make complement a fundamental weapon against Candida, but also the complement-induced modulation and control of other arms of the immune system. Due to a mutation in C5 the mouse strain A/J is exquisitely sensitive to infection with C. albicans (59) . This C5 deficiency is associated with an inability to mobilize granulocytes and a high fungal load after infection with Candida, but also with highly elevated levels of various circulating cytokines and chemokines. This exaggerated cytokine induction in response to Candida can be recapitulated to congenic mice by transfer of the defective C5 allele, indicating that the C5-derived peptide C5a plays a role not only in the initiation of inflammation but also in the subsequent control of this inflammatory response (59, 60) . By downmodulating the antimicrobial inflammation C5 may help to reduce detrimental effects on the host, possibly through a negative feedback mechanism (61).
THE FIGHT "HOST AGAINST FUNGUS", ROUND 2: CANDIDA AGAINST COMPLEMENT
In the course of the host-pathogen altercation Candida albicans has developed several strategies to compete with the complement system or to even use parts of the host defense for its own purposes (6, 62) (Figure 2, 3) .
A mechanism which is also used by other pathogens is the secretion of extracellular proteases that degrade complement proteins. C. albicans is known to produce a number of secreted aspartic proteases (Sap) which represent important virulence factors to overcome host barriers against fungal infections (63) At least one of these proteases, Sap2, has been shown to cleave complement factor C3, resulting in decreased opsonization of the pathogen and diminished phagocytosis by PMNs (64, 65) . Interestingly Sap2 was also demonstrated in vivo to be one of the predominantly expressed proteinase genes in patients with vulvovaginal candidiasis, a disease where complement is known to play an important role in antifungal defense (66) (Figure 2, 3) .
A second evasion mechanism is the acquisition of host-derived inhibitory proteins to prevent complement activation on the fungal surface. As described above, the dangerous weapon of complement is tightly controlled by a broad range of membrane-bound and soluble regulatory proteins (8) . Originally designed for the protection of tissue cells from harmful effects, C. albicans has learnt to acquire three of the soluble complement regulators from the host and to capture them to its surface: the factor H, its relative factor H-like protein 1 (FHL-1) and C4bp (67). These three regulators are closely related molecules as they are composed of variable numbers of short consensus repeat (SCR) domains (68) . They also partly share their mode of action by accelerating the decay of the C3-and C5-convertases and by serving as cofactors for the serine protease factor I (fI) which cleaves and inactivates C3b and C4b (8) . By the acquisition of these broad-acting regulators on the fungal surface Candida can paralyze all three pathways of complement activation at central steps of the cascade.
Factor H and FHL-1 share a C. albicans binding domain in the N-terminal SCRs 6 and 7; an additional one of factor H is located in the C-terminal SCRs 19 and 20. On the side of C. albicans one of the corresponding receptors for the regulator proteins may have been found recently (69) . As the human CR3 is a receptor for factor H (70), it is tempting to speculate that a related CR3-like protein expressed by C. albicans (see below) might represent a binding site for fH and FHL-1 (71) . The attachment of the regulators equips Candida with a potent cofactor activity for fI-mediated cleavage of C3b, resulting in decay of all surface-bound C3-and C5-convertases and in inhibition of binding of further C3b molecules to the yeast (70, 71) .
Both yeast and hyphal forms of C. albicans are able to capture C4bp from serum (72, 73) . Attachment to the fungal surface is mediated by the SCRs 1 and 2 on the alphachain of C4bp. On hyphae, a prominent binding site was identified at the tip and is therefore considered to be important for tissue penetration and pathogenesis. The receptor molecule on Candida for C4bp might be the same as for FHL-1, since both proteins compete for the binding to the yeast (67, 73) . Candida-bound C4bp maintains its complement regulatory activities: it prohibits deposition of C4b, interferes with the assembly of the classical and lectin pathway C3-convertase and accelerates its decay (72) (Figure  2, 3) .
Candida albicans has not only developed smart mechanisms to inactivate the complement attack, but also turns the hostile complement molecules into useful tools for its own purpose. In addition to downmodulation of the complement activity surface-attached C4bp mediates the adhesion of Candida to host endothelial cells (67, 73) . Thus the capacity of Candida to acquire C4bp might represent an important virulence factor for pathogenicity by facilitating the penetration into the host tissue. At present it is unclear which molecule(s) on endothelial cells act as receptor(s) for C4bp-coated Candida. CD40, a member of the TNF-receptor superfamily which is known to bind C4bp, might be a putative candidate (74) . As C4bp was shown to adhere to heparin, the related cell surface molecule heparan sulfate is another aspirant (72) .
Candida does not only acquire complement components from the host, but also expresses own proteins that mimic host-derived complement elements. A rather fascinating chapter of Candida virulence is the formation of complement receptor-like molecules on its surface. C. albicans expresses an integrin analogue with antigenic, structural and functional homology to human CR3 on both yeast and (pseudo)hyphal forms (75, 76, 77, 78) . The human CR3 is essential for the adhesion of leukocytes via recognition of a peptide containing the sequence arginine-glycine-aspartic acid (RGD) in proteins of the extracellular matrix. Since the fungal CR3-like molecule shares essential homology to its human counterpart it can enable the adherence of Candida to endothelia and epithelia and thus represents an important virulence factor for penetration and dissemination. Several reports underline the role of CR3 for the pathogenesis of Candida. Blocking of the fungal CR3-like proteins by antibodies or defined RGD-peptides significantly inhibits the adherence to endothelia and epithelia (78, 79) . A high production level of the fungal CR3-homologue is associated only with virulent strains of C. albicans while an avirulent mutant showed reduced synthesis (80) . Furthermore, the expression of the cloned CR3-like molecule of C. albicans in Saccharomyces cerevisiae leads to the adhesion of this normally nonadherent yeast to human epithelial cells; the disruption of the responsible INT1 gene suppresses hyphal growth, adhesion to epithelial cells and virulence in mice (81, 82) (Figure 2, 3 ).
An additional role for the fungal CR3-like protein was proposed by Moors et al: by binding C. albicans cells to erythrocytes it might help to acquire the life essential iron out of blood (83) .
Besides the CR3-like molecule C. albicans also expresses a C3d-binding mannoprotein (84, 85, 86) . A certain similarity to human CR2 is evident by cross-reacting antibodies, but the exact function of the fungal analogue remains obscure (87) . Some evidence for a putative role of the C3d-receptor on Candida in pathogenesis comes from a mouse model where avirulent clones of C. albicans show reduced ability to recognize C3d and low reactivity with antibodies against the C3d-receptor in comparison to the virulent parental strain (88) . Furthermore, immunoelectron microscopy as well as lymphoblastogenesis reveals that the CR2 analogue is expressed in vivo during candidiasis in animals (89, 90) . A role of the C3d-receptor in binding to host fibrinogen and laminin may be suggested (91).
THE FIGHT "HOST AGAINST FUNGUS", ROUND 3: FUTURE AND PERSPECTIVES
The current knowledge about the different aspects of the interaction between Candida and the complement system allows some speculations about a future role of complement in antifungal treatment. Four strategies stand in the centre of putative therapeutic approaches ( Figure 2 ): (i) to improve antifungal response by enhancing the available complement levels; (ii) to undermine Candida's complement evasion and usage; (iii) to optimize the antibody reaction against Candida using complement-based tools; (iv) to use complement-derived peptides as supportive anti-Candida therapy.
(i) To increase the available complement concentrations was suggested for MBL, the starter molecule of the lectin pathway. Liu et al (24) reported that the susceptibility to recurrent vulvovaginal Candida infections is strongly associated with mutations in the MBL gene provoking low MBL levels in the vagina. Thus reconstitution of normal MBL levels by injection of purified or recombinant protein might represent an interesting strategy for therapy or prophylaxis. A phase I safety and pharmacokinetic study including MBL-deficient healthy volunteers showed that infusion of purified MBL increases the serum levels up to normal concentrations without induction of antibodies to MBL in these individuals (92) . However, the short half-life of MBL asks for a twice or thrice weekly infusion to maintain protective MBL levels. This restriction largely excludes a long-standing routine usage in prophylaxis, except for some high risk patients. A proof of principle for MBL in prophylaxis could be shown in a mouse model where intravenous administration of MBL enhances the resistance of the animals towards hematogenously infected candidiasis (41) . However, injection of MBL as a supportive therapy in Candida-infected patients may be the more probable broad application and more compatible with the limited stability of the protein.
(ii) A second possible therapeutic approach comprises the undermining of Candida's complement evasion. The complement degradation by the Candidasecreted Sap2 protease (64) might be neutralized by usage of a specific protease inhibitor or monoclonal antibody or by inhibition of the synthesis of this protease, e.g. with short interfering RNAs (siRNA). Blocking of the acquisition of C4bp, fH and FHL-1 by Candida might be another possibility to make the yeast more susceptible against complement attack. For this purpose, however, the identification of the fungal binding sites is necessary, subsequently highly specific inhibitors against these molecules must be developed, since the blocking of the host receptors or the regulators themselves would have severe consequences for the immune defense. In this regard the inhibition of C4bp binding might be of particular interest, since it would also interfere with the adhesion of Candida to endothelial cells.
Interference with the fungal usage of complementrelated proteins could also support the body's immune defense against Candida. The blocking of the fungal CR3-like proteins might provide an opportunity. Preliminary in vitro results show promise, demonstrating that receptor-specific antibodies or RGD-comprising peptides significantly inhibit the adherence of the yeast (78, 79) . An approach like that should, however, pay attention to a putative cross-reaction of these antibodies with the human CR3; RGD-peptides might be critical as well since this sequence is also used for a variety of human molecules.
(iii) As summarized above, the protective effect of antimannan antibodies against Candida infection strongly depends on their capacity to bind complement fragments to the yeast cells (38) . This deposition can cause preferential association of Candida with phagocytic cells that are able to kill the yeast (37) . This fact may be exploited for the development of an effective passive vaccination or as a supportive therapy against Candida. A monoclonal antibody given to high-risk patients as prophylaxis or applied in patients with known candidiasis should be optimized for an efficient induction of complement deposition on the fungal surface (47) . Furthermore the susceptibility of high-risk patients against candidiasis might be tested by measurement of the capacity of their naturally occurring antimannan antibodies to fix complement of yeast cells.
(iv) The complement fragment C3a possesses prominent antifungal activity and can be utilized as a template in the development of a peptide-based therapy against Candida. C3a and derived peptides comprising its helical regions bind to the yeast and induce considerable membrane disturbances (58). Further studies might provide insight into the exact mechanism of action and allow the enhancement of the antifungal potency of the peptides by sequence variation.
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